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Filamin, also called actin binding protein-280, is a dimeric protein that cross-links
actin filaments in the cortical cytoplasm. In addition to this ubiquitously expressed
isoform (FLN1), a second isoform (ABP-ffilamin) was recently identified that

is highly expressed in mammalian striated muscles. A monoclonal antibody was
developed, that enabled us to identify filamin as a Z-disc protein in mammalian
striated muscles by immunocytochemistry and immunoelectron microscopy. In
addition, filamin was identified as a component of intercalated discs in mammalian
cardiac muscle and of myotendinous junctions in skeletal muscle. Northern and
Western blots showed that both, ABPyLfilamin mRNA and protein, are absent
from proliferating cultured human skeletal muscle cells. This muscle specific
filamin isoform is, however, up-regulated immediately after the induction of
differentiation. In cultured myotubes, ABP--filamin localises in Z-discs already

at the first stages of Z-disc formation, suggesting that ABffllAmin might play
arole in Z-disc assembly.Cell Motil. Cytoskeleton 45:149-162, 2000.
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INTRODUCTION Abbreviations used: DMEM, Dulbecco«s modified Eagles medium;

The functional molexi f inin livin s i DTT, dithi(_)threitol;_ EDTA, ethylendiaminotetraacetat;EGTA, ethyl-
e functional complexity of act g celis Sengchol-b|s-(2-am|noethylether)-N, N, W’'-tetraacetate; FCS, fetal

|arge|_y deter_mined b_y a vast nl_meer _Of aCtin'bir]dingalf:serum; kbp, kilo base pairs; kDa, kilo Dalton; LSB, low salt buffer;
proteins. Actin-crosslinking proteins, for instance, creatgAb, monoclonal antibody; NEAA, non-essential amino acids; PAGE,
either stable bundles of parallelly arranged actin filamerftglyacrylamide gel electrophoresis; PCR, polymerase chain reaction;
or stabilize two- and three-dimensional networks &MSF, phenylmethanesulfonylfluoride; SDS, sodiumdodecylsulphate,

ConSid_erable elastic properties [Janmey’_ 1991]. A Ve{ipifgang M.J. Obermann’s present address is Max-Planck-Institute for
versatile member of this group of actin-crosslinkin@iochemistry, Department of Molecular Cell Biology, Martinsried,
proteins is filamin [Wang et al., 1975; also called actifrermany.
binding protein ABP-280, BrOtS.(.:h.l etal., 1978_]' F_Ilamlrb»ritt Lemke's present address is Max-DelbkiZentrum, Berlin,
seems to be capable of stabilizing both actin filamegkrmany.
bundles and networks: on the one hand, filamin from
smooth muscle was described to cause excessive biffrrespondence to: Prof. Diete’r OBty University of Potsdam,
dling of actin filaments in in vitro experiments [Wang andPartment of Cell Biology, Lerisér. 7a, D-14471 Potsdam, Ger-

. . . . many. E-mail: dfuerst@rz.uni-potsdam.de
Singer, 1977; Brotschi et al., 1978]. This might help to

explain the organization of cytoskeletal and contractileceived 5 August 1999; accepted 15 October 1999
© 2000 Wiley-Liss, Inc.
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domains that were identified in smooth muscle [Small et Here we have independently identified and charac-
al., 1986; Tachikawa et al., 1997]. On the other hand, tiherized the ABP-Ly-filamin isoform and established that
prominent cortical network of actin filaments found, foit is highly expressed in mammalian striated muscles. The
instance, in blood platelets seems to be crosslinked p§ptein was purified to homogeneity from bovine skeletal
filamin. In addition, this network is anchored to thénuscle. With a newly developed mAb that recognizes
plasma membrane by the interaction of filamin with Both the mammalian non-muscle and muscle filamin
transmembrane complex of glycoproteins, which acts g9forms, we show that the N-terminus of ABPyL/
the receptor for the von Willebrand factor [Fox, 1985filamin is localized at the periphery of the Z-disc.
Okita et al., 1985; Meyer et al., 1997]. More recently, g\nglyss of filamin expression by immunoblotting as well
series of other ligands for filamin was identified, such &8 immunofluorescence microscopy, shows that ABf-L/
SEK-1 [Marti et al., 1997]81-integrin [Loo et al., 1998], filamin is expressed during the very first stages of
B2-integrin [Sharma et al., 1995], furin [Liu et al., 1997] myocyte dlfferentlatl'on in v_|troS|nce ABP-L#-filamin
and presenilin-1 [Zhang et al., 1998] strongly suggestir\%cal'zes to developing Z-discs at a very early stage, we
that filamin plays a key regulatory role in the organizatioﬁOnCIUde t,hat this fllamln'lsoform might be involved in
of the actin cytoskeleton. the formation of sarcomeric Z-discs.

Even greater complexity is added by the fact that
three human filamin isoforms have been described unMiIATERIALS AND METHODS
now: The first one is the ubiquitously distributed filaminy iy odies
also called ABP-280 [Wang et al., 1975; Brotschi et al., i .
1978; Gorlin etal., 1990]. Its gene (FLN1) was mappedto. OUr mAb RR90 resulted from a fusion using Balb/c
the chromosomal position Xq28 [Gorlin et al., 1993Mice that were immunized with a recombinant fragment

Gariboldi et al., 1994]. A second isoform was identifieffom the M band portion of human cardiac titin following
by PCR analysis and called ABP-L [Maestrini et a|_§tandard protocols [see ket al., 1988;.Obermann et
1993]. Its gene (FLN2) was localized on chromosonfd:+ 1996]. In the primary screen using immunofluores-
70932-g35 [Gariboldi et al., 1994]. The complete cDN €Nce microscopy on frpzen sections of rat psoas muscle,
sequence was established recently and was nafiéat the supernatant of this hybridoma exhibited a cross-

min [Xie et al., 1998]. Since both ABP-L angHilamin set}réiterﬁzggt;errgl agdticljne gfvgggeTD:Irorfgletu?;szgfly
describe the same cDNA/protein, both names can 9 pOlypep )

. ) Hybridomas were made monoclonal by limiting dilution.
considered synonyms. Almost at the same time, a third y 9

i<of filami identified di The monoclonala-actinin antibody BM-75.2,
ISotorm, nameop-f amin was ldentified as encoding ecognising allkx-actinin isoforms [Abd-el-Basset et al.,
ligand of glycoprotein Ib alpha by yeast two hybri

. ) 991], was purchased from Sigma (Deisenhofen, Ger-
screening [Takafuta etal., 1998; Xu etal., 1998]. All threg, 5 vy The polyclonal desmin antiserum [Ramaekers et
filamin isoforms show an essentially identical moleculay, 1985] was a kind gift of Dr. G. Schaart (Maastricht
building principle: an aminoterminal actin binding dorne Netherlands). The anti-skeletal museleactinin
main is followed by 24 repeats, all of which show apsphit serum (RbaA653) was raised against purified
immunoglobulin-like fold [Hock, 1999]. The carboxy-porcine skeletal muscle-actinin (a kind gift of M.
terminally situated domain is involved in filamin dimergjmona, Institute for Molecular Biology, Salzburg, Aus-
formation [Davies etal., 1980; Gorlin etal., 1990]. tria) using standard procedures. A summary of the further

While filamin was detected in avian muscle samplggaracterization of the two new antibodies used in this

by some antibodies [Koteliansky et al., 1981; Price et altudy (RR90 and RbaA653) is given in Table I.
1994], it has thus far escaped antibody detection in

mammalian muscles [see e.g. Brown and Binder, 1998)urification and Proteolytic Fragmentation of
Since the human filamin/ABP-280 gene was mapped famin From Bovine Skeletal Muscle

distal Xq28 [Gorlin et al., 1993], it was included in a Bovine skeletal musc|eM. i|iacu5) was removed
search for candidate genes for muscle diseases tfginediately after slaughter, chopped into small pieces,
mapped to Xg28 in genetic linkage analysis. This seargidd frozen in liquid nitrogen. This material was kept at
revealed not only alternative splicing in the filamin-80°C until use. Four hundred grams of tissue were
mRNA, but also identified by PCR analysis two smathomogenized at 4°C in 3 | of low salt buffer (LSB: 100
fragments of a second obviously muscle-specific isoformmM KCI, 2 mM MgCl,, 5 mM EGTA, 1 mM DTT, 1 mM
that was called actin-binding protein-like protein [ABPNaNS, 10 mM Tris-maleate, pH 6.8) containing 2 mM
L; Maestrini et al., 1993] or-filamin [Takafuta et al, Na,P,0.. This and all subsequent buffers were supple-
1998] and that was preliminarily mapped to chromosonmented with the following protease inhibitors: 0.5 mM
7032-g35 [Gariboldi et al., 1994]. PMSF, 10 mg/I Trypsin inhibitor (Sigma, T 9253), 5 uM
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TABLE I. Characterization of the New Antibodies 300 mM NaCl, and incubated at RT rfd8 h with
Used in This Study endoproteinase Asp-N (molar ratio 1:100). Resulting
RaA653  fragments were characterized by SDS-PAGE, immuno-

Name RR90 (rabbit  plotting [Furst et al., 1988, 1989], and determination of
(species, Ig type) (mouse IgA) polyclonal) - thejr aminoterminal sequences. An Applied Biosystems
Reactivity sequenator (model A470) and a Knauer Sequenator

Human skeletal muscle T+ T+t (model 810), both equipped with on-line PTH amino acid

EZ: ig‘fé?;i' rm:‘s;f N N analyzers were used for automated sequencing. All meth-

Mouse skeletal muscle it ¥ ods employed were described previously [Bauw et al.,

Bovine skeletal muscle ++ n.d. 1987; Fust et al., 1992; Obermann et al., 1995]

Porcine cardiac muscle n.d. +++1

Chicken skeletal muscle - - Cell Culture and Immunofluorescence

HSkM?, prolifera}ting +++ - Miscroscopy

HSkM, differentiated +++ +++

Hela 4+ - Human skeletal muscle cells were isolated and

NIH:3T3 ++ - cultured essentially as described before [van der Ven et

Ptk2 t+ - al., 1992, 1993]. Briefly, enzymatically isolated satellite
Schaart et al., [1997] cells from normal human skeletal muscle biopsies, pas-
*Cultured primary human skeletal muscle cells saged two to five times and frozen in liquid nitrogen, were

quickly thawed and plated on glass coverslips in DMEM
supplemented with 20% FCS, 2% Ultroser G, and 100

E64. Myofibrillar material was collected by centrifugald/ml penicillin and 100 pg/ml streptomycin (all from
tion (3,00@, 15 min) and washed three times iz | of LifeTechnologies, Eggenstein, Germany). Cells were
LSB. The final pellet was resuspendedd | extraction grown until near confluency. Differentiation of the cells
solution (600 mM KCl, 2 mM MgC}, 2 mM EGTA, 1 Wwas induced by changing from this high nutrition me-
mM DTT, 1 mM NaN, 50 mM Tris- HCI, pH 7.9) and dium to a low nutrition medium (DMEM, 0.4% Ultroser
stirred for 45 min. After centrifugation (20,09060 min), G, and antibiotics).
the supernatant was dialyzed overnight against two Ptk2 cells (obtained from the ECACC, Salisbury,
changes of hydroxyl apatite buffer 1 (HA1 buffer: 40 mMJK) were grown in DMEM supplemented with 10%
K-phosphate pH 7.0, 100 mM NaCl, 1 mM EGTA, 1 mMFCS, non-essential aminoacids (NEAA), 200 mM L-gluta-
DTT) and then applied to a & 6 cm hydroxyl apatite mine, antibiotics as above. NIH:3T3 fibrolblasts were
column (BioRad) equilibrated in the same buffer. Aftegultured in the same medium, except that NEAA were
washing with buffer HA1, the protein was eluted witfPmitted.
hydroxyl apatite buffer 2 (150 mM K-phosphate pH 7.0, For immunofluorescence assays, all cells were fixed
300 mM NaCl, 1 mM EGTA, 1 mM DTT). Filamin- in methanol for approximately 5 min and subsequently in
containing fractions (detected by SDS gel electrophoracetone for 30 sec, both a20°C. After air drying, cells
sis) were pooled, dialyzed against buffer Q (50 mwwere stained immediately or frozen-aB0°C until use.
Tris-HCI pH 7.9, 50 mM KCI, 1 mM EDTA, 1 mM For the localization of cytoskeletal proteins by
EGTA, 1 mM DTT), and applied to a 1.6« 25 cm immunofluorescence microscopy, cells and 5-um-thick
Q-Sepharose Fast Flow column (Pharmacia, Freibufgyosections were stained using standard procedures.
Germany) connected to an FPLC system (Pharmaci@gcondary antibodies, directed against respective species
Elution was done with a gradient from 50 to 500 mM KCRnd appropriate Ig-subtype and conjugated with fluores-
in 500 ml buffer Q. Fractions containing filamin werecein isothiocyanate or Texas Red, were purchased from
pooled, dialyzed against buffer S (50 mM Tris-HCI pHbouthern Biotechnology Associates (Birmingham, AL)
7.9, 1 mM EDTA, 1 mM EGTA, 1 mM DTT), and loaded and diluted in PBST according to the recommendations of
onto a 1 X 10 cm S-Sepharose Fast Flow columthe manufacturer.
(Pharmacia). After washing with buffer S, filamin was
eluted with a linear salt gradient from 0 to 500 mM KCl ifmmunoelectron Microscopy
80 ml buffer S. Finally, filamin was purified to homogene- Preparation of fiber bundles from rat psoas muscle
ity by gel filtration on a Superose 6 HR10/30 columm@nd antibody labeling was performed as describedsi-u
(Pharmacia) equilibrated in buffer Q. All purificationet al., 1988]. An immunogold conjugate (5 nm Gold) of
steps were carried out at 4°C. Approximately 1 mg aoat anti mouse 1gG (British Bio Cell International) was
pure filamin was obtained from 200 g of frozen muscle.used undiluted as second antibody. Electron micrographs
For proteolytic fragmentation, filamin was dialyzedvere taken on a Philips electron microscope CM12 at an
against 150 mM K-phosphate buffer pH 7.0 containingccelerating voltage of 80 kV.
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Miscellaneous Procedures = ! et .
—

SDS-PAGE and immunoblotting were performed a
described [Ftst et al., 1988]. Northern blotting was done
as described [Steiner et al., 1998]. As probe we used205 .
~300 bp sequence, which is specific for tadilamin/ — G =
ABP-L isoform. The region situated beween bp 6,406 ar > =
6,648 of the sequence described in the EMBL databa11

i
|
=
1

o

under accession number AJ012737 was amplified by PC . H H

[Saiki et al., 1985]. The PCR product was purified by 97.4 = — =]
agarose gel electrophoresis and radiolabeled as descril 66 — a e |
[Steiner et al., 1998]. ¢ —

RESULTS 4 — - . =

Characterization of Two Novel Antibodies 29 — -
A fusion with lymphocytes from Balb/c mice that . o _
it M 12 3 4586 7

were immunized with a recombinant titin fragment also
yielded a hybridoma (called RR90) that produced antiboglyy 1. purification of filamin from a mammalian cross-striated
ies staining sections of skeletal muscle in a cross-striat@dscle. The gel (4 to 15 % acrylamide) monitors the purification of
pattern in immunofluorescence microscopy, and labelithgvine skeletal muscle filamin: bovirM. iliacus whole muscle tissue
exclusivly 2300 KDa polypepide in immunoblots (1 1, e OIS 413, 001 O, e e,
Reactlwty was found in a Yanety of muscle .and n.o ._raztions from hydro>)</y| ap%tite columnlafie 5), fractic‘mp from
muscle tissues of mammalian but not of avian origif.sepharose columtepie ), crude filamin after MonoS columishe
(summarized in Table I). The lack of crossreactivity with), and purified filamin after gel filtratioridne 8. M_standardsx 10°)
titin implied that the hybridoma resulted most likely frorrare indicated iane M.
an autoantibody of the mouse that was used for immuni-
zation. This explanation is also supported by the unusual
finding that RR90 is of the IgA immunoglobulin subtypesearch of EMBL and SWISS-PROT databases revealed
that is usually secreted from mucosal tissues. that both sequences exhibited homology exclusively with
The reactivity in immunoblots with a band ofthe translated cDNA sequences of human actin binding
molecular mass close to 300 kDa suggested that thetein ABP-280 [non-muscle filamin; Gorlin et al.,
respective protein might be filamin. This idea wa&990], humanp-filamin [Takafuta et al., 1998], and
confirmed by purifying the reactive polypeptide to homoehicken filamin [Barry et al., 1993] and the protein
geneity and by subsequent peptide sequencing of $squence of ABP-k/ifilamin [Xie et al., 1998]. This
proteolytic fragments. The purification from bovine skelimplied that the purified protein was indeed filamin. The
etal muscle is summarized in Figure 1. Our protocalignment of both sequences with the complete filamin
involved the following major steps: high salt extraction ofequences from the database allowed the proteolytic
washed myofibrils, dialysis against a low salt buffer tbands to be correlated with the domain structure of
remove myosin and most of the titin, hydroxylapatitélamin. Since the short 7 residue sequence starts at
chromatography to remove H-protein and phosphorylagesidue 259 of ABP-280 [Gorlin et al., 1990], the 45 kDa
Q-Sepharose ion exchange chromatography to remdyend essentially comprises the amino-terminally located
C-protein, S-Sepharose ion exchange chromatographyatdin-binding domain plus the first of the 24 repeat
remove most of the M-protein and to concentrate ttdomains of filamin. The longer 28 residue sequence
immunoreactive protein. The final gel filtration stemligns with the sequence of filamin starting at position
removed residual M-protein and some lower molecul&80. Thus, the 185 kDa band of the digest covers most of
mass contaminants. Digestion of a crude filamin prepattiie extended rod portion following the actin-binding site
tion with endoproteinase Asp-N yielded two major cleavFig. 2b).
age products with molecular masse480 and 45 kDa, In immunoblots, RR90 reacted specifically with
respectively (Fig. 2a, lane 2). Direct sequencing gfurified filamin or with the 45 kDa fragment of the
the 180 kDa band gave the N-terminal sequenemdoproteinase Asp-N fragment (Fig. 2). The characteriza-
DANKVSARGPGLEPVGNVANVANXXXYF. Sincethe tion of proteolytic bands described above therefore
amino-terminus of the 45 kDa fragment was blocked, thedlowed us to restrict the epitope of RR90 to the region
fragment was subjected to a digestion with BrCN. As gpanning the actin-binding domain plus the first of the 24
result, we obtained the peptide sequence TYLSQFP.filamin repeats.
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A by Western blotting and by immunofluorescence micros-
copy. Western blots using extracts from proliferating and
differentiated human skeletal muscle cells were incubated

— with this novela-actinin serum and with mAb BM75-2,
205 — e : which is known to recognize alk-actinin isoforms
[Abd-el-Basset et al., 1981]. The latter antibody strongly
-— stained an approximately 100 kDa protein in both cell
extracts, whereas RbaA653 stained a protein of equal

116 — - — molecular mass exclusively in extracts from differenti-

07.4 — = ated muscle cells (Fig. 4). The specificity of the rabbit
antiserum was confirmed by immunofluorescence assays

66 — @ on frozen sections of rat muscles and on fixed cultured
human skeletal muscle cells. Thus, RbaA653 stained
Z-discs of all muscle fibers, irrespective of fiber type (not

-3 : shown; summarized in Table I). In developing muscle
45 — - cells, this antiserum was only positive after the induction
29 — = of differentiation. In contrast, mAb BM75-2 also reacted

with undifferentiated cells (Fig. 5).

M 1 2 34

Localization of Filamin in Adult Striated

B Muscle Tissue
TYLSQFP . _ _
259 TYLSQFP 265 Immunolabelling of frozen sections of rat cardiac
232 TYLSOFP 238 muscle with mAb RR90 revealed that filamin expression
259 TYLYTFP 265 was strongest in the smooth muscle cells of blood vessels
DANKVSARGPGLEPVGNVANVANXXXYF and in the mtgrcalated phgcs of cardlc')m.yogytes (Elg. 6A).
380 DASKVTAQGPGLEPSGNIANKTTYFEIF 407 The cross-striated staining of myofibrils in cardiomyo-
353  DASKVTAKGPGLEAVGNIANKPTYFDIY 380 cytes was evident at higher magnifications (Fig. 6B).

384  DASKVTAKGPGLEATGNIANKPTYFDLY 411 Double immunofluorescence using mAb RR90 in combi-

: . I . . nation with a desmin antiserum confirmed that the filamin
Fig. 2. Proteolytic cleavage of filamin and alignment of peptldl]a . . L
sequencedA: Crude skeletal muscle filamin (band markedésyow- abel Occur_ed a_‘t the Z-_dISC_ (Fig. 6B,C). .Strlkl_ng was also
head1 in lane 1) was treated with endoproteinase Asp-N. The limitedh€ colocalization of filamin and desmin in intercalated
digest was separarated by SDS-PAGEN¢ 2 and transferred to discs, resulting in intense labelling at the cytoplasmic
nitrocellulose as described in Materials and Methods. Immunoreactfgce of the sarcolemma at these sites (Fig. 6B,C).
ity of these samples with mAb RR90 is shown lanes 3and 4, In frozen sections of rat striated muscles, we
respectively. Note that filamin is cleaved by endoproteinase Asp-N mtcb L. . . -
two main fragments (marked layrrowheads2 and 3 in lane 2) and that observed strong_ sta|n|_ng of Z'd'_SCS that We_r_e identified
only the smaller, 45 kDa fragment is recognized by the antibody (s8 double staining with an antibody specific for the
lane 4).B: Alignment of peptide sequences derived from the prote@-disc region of titin, in all fibers (Fig. 6E,F). In addition,

lytic cleavage of bovine muscle filamin (upper lines) with publishegnyotendinous junctions were strongly labelled (Fig. 6D).
translated cDNA sequences: human ABP-280 [Gorlin et al., 1990;

second lines], humag-filamin [Takafuta et al., 1998; third lines], and Aminoterminus of Filamin Maps to the Ends of
chicken filamin [Barry et al., 1993; bottom lines]. Thin Filaments

To determine where the aminoterminal end of
To characterize the suitability of this new hybridfilamin is situated at the sarcomere level, we investigated
oma for localization studies, we analyzed the subcellul@riton X-100 extracted fiber bundles of rat psoas muscle
distribution of filamin in the non-muscle cell lines Ptk2by immunoelectron microscopy using mAb RR90. This
and NIH:3T3 by immunofluorescence microscopy. Iresulted in increased density at the edge of the Z-disc
these cells, RR90 predominantly stained stress fibers is@nb leaving the central Z-disc portion unlabelled. Since
spotty to continuous pattern (Fig. 3A,C,E). Furthermor@) previous studies we had obtained antibody decoration
a weak but specific staining of adhesion plaques aotbser to the Z-disc centre [Fst et al., 1988], we
leading edges of the cells was observed. Invariablpncluded that we did not face penetration problems in
filamin was found to be localized in conjunction withthis experiment. For better visualization, however, we
a-actinin (Fig. 3). also used gold-coupled secondary antibodies. Digitized
The rabbitx-actinin antiserum RbaA653 was showrelectron micrographs were recorded with a CCD camera
to be specific for the striated muscle isoformsedictinin - and analyzed as described in Materials and Methods.
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Fig. 3. Immunolocalization of filamin in non-muscle cells. NIH3TR, B) or Ptk2 C-F) cells were
double stained for filamin (RR90; A, C, E) andactinin (BM 75-2; B, D, F). Within the cytoplasm of both
cell types RR90 stains stress-fibers discontinuously (A, C, E). At exactly the same positatisin is
localized @rrowheadsin E, F). Furthermore, filamin colocalizes witl-actinin in adhesion plaques
(arrowheadsn Ato D) and in leading edgesirowsin A-D). Bar = 20 um.
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1 2 3 4 mAb RR90 showed reactivity exclusively with a single
band comigrating with the higher molecular mass filamin
isoform (Fig. 8). We concluded that this reflected reactiv-

205 = ity with the ubiquitously distributed non-muscle filamin
isoform ABP-280. Subsequently, samples taken at 8-h
intervals after the induction of differentiation were ana-

116= : lyzed in the same way. This revealed that as early as 8 h

after the onset of differentiation, the second isoform of
slightly lower molecular mass could be detected. After
66= one day, approximately equal amounts of both isoforms
were detected and this ratio remained constant for the rest

of the time period examined (Fig. 8).

Since our mAB RR90 recognizes at least two
filamin isoforms, one of which is only expressed in
differentiating muscle cells, we wanted to provide further
evidence for the specific upregulation of the putative
Fig. 4. Characterization of a novekactinin antibody (RbaA673) by Muscle-specificy-filamin/ABP-L isoform in developing
immunoblotting. Total extracts of proliferating myoblasengs 1and myotubes. This was achieved by Northern blotting using
3) and differentiated myotube$afies 2and4) were separated in 8% the ~300 bp insertion specific for this isoform (see
SDS-PAGE and transfered to nitrocellulose. Lanes 1 and 2 give figaterials and Methods) as a probe. Figure 9 shows that
reactivity with antibody BM-75.2 that recognizes altactinin iso- . .
forms. Lanes 3 and 4 show labeling with rabbit serum RbaA673 thEPression of the corresponding mRNA could be detected
was raised against porcineactinin. Note that BM-75.2 reacts with @S early & 8 h after the induction of differentiation and

both non-muscle and muscle isoformseactinin, while the reactivity remained at approximately the same level during subse-
of RbaA673 is limited to sarcomerig-actinin, which is not expressed quent developmental stages.
in undifferentiated myoblasts.

Filamin Localization Coincides With Z-Disc

) » ] Formation
Figure 7 shows specific decoration at both edges of the

Z-disc. The precise position of antibody label was The s_ubcellulgr distri_bution of filamir_1 was investi-
determined by image analysis and the resuiting histogr&ifted at different time points representative of myotube
fitted a Gaussian distribution. Thus, the aminotermindfvelopment in cell culture. We used double immunofiu-
epitope of filamin that is visualized with mAB RR90 and’réScence microscopy with a combination of mAb RR90
gold tagged antibody, was revealed as two symmetricld BM 75.2, thea-actinin antibody recognizing all
peaks in a distance 650 nm from the Z-disc center (seeSOforms (“pan a-actinin”), for undifferentiated cells,
histogram in Fig. 7c). Both peaks therefore coincide withnd & combination of mAb RR90 with RbaA653, the
the end of the Z-disc comb, which corresponds to the en@sctinin serum directed against the striated muscle

of thin filaments from the opposite sarcomere half. isoforms, to localize these proteins during the various
stages of differentiation. In undifferentiated, proliferating

Occurrence of Filamins During Skeletal Muscle myoblasts filamin was detected in stress fibers, adhesion

Cell Differentiation plaques, and leading edges (Fig. 10A). In these locations,

The bona fide cross-reacitivity of mAb RR90 witHfilamin was consistently found to be colocalized with
at least two of the mammalian filamin isoforms known te-actinin (Fig. 10B) and both patterns were reminiscent
date, was used to monitor their temporal expressi®f the distributions of these proteins in non-muscle cells
patterns in human myocyte development. Initially, totdfor comparison see staining patterns in Fig. 3).
protein extracts of adult muscle separated on SDS- Immediately subsequent to the induction of myo-
polyacrylamide gels, which provide an optimal resolutionyte differentiation, we observed a striking reorganization
of high molecular mass polypeptides, were used to scregfrboth the filamin and-actinin decoration patterns: The
for filamins in immunoblots using mAb RR90. Thismicrographs in Figure 10C and D revealed a colocaliza-
consistently revealed a closely spaced doublet migratitign of filamin with skeletal muscle-actinin, which was
at a molecular mass close to 300 kDa. This finding wasnfined to stress fiber-like structures (SFLS). In nascent
taken as a starting point to analyze the time course of timgofibrils, the label occurred with sarcomere periodicity
expression of these filamin isoforms during the developnd lateral alignment of these early Z-discs was evident
ment of human skeletal muscle cells in culture. Thus, {iFig. 10E and F). Fully developed myotubes finally
extracts from undifferentiated proliferating myoblastseflected the situation observed in skeletal muscle sec-
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Fig. 5. Characterization ak-actinin antibody RbaA653 by immunofluorescence microscopy. Cultured
human skeletal muscle cells were double labeled witactinin antibodies BM-75.2A and C) and
RbaA653 B andD) either in their proliferating, undifferentiated stage (A and B) or as fully differentiated
myotubes (C and DArrowsindicate a series of Z-discs in myofibrils which clearly show co-staining with
both antibodies. Note that BM-75.2 recognizeactinin isoforms being expressed in both developmental
stages, while RbaA653 stainsactinin only in differentiated cells.

tions, i.e., staining of myofibrillar Z-discs coinciding withto the actin cytoskeleton. Surprisingly little, however, is

a-actinin (Fig. 10G and H). known about filamin in the tissue with the highest amount
of actin, i.e., cross-striated muscle. Previously used
antibodies have not detected this protein in mammalian
skeletal and cardiac muscles [see Brown and Binder,

Filamin was originally characterized as a proteid993].

whose main function seemed to involve cross-linkingand  We succeeded in obtaining an antibody that clearly
membrane anchorage of actin filaments [Hock, 1999kcognizes filamin in mammalian striated muscles and
Recently, however, several reports have raised the poghiis allowed for a detailed analysis of this protein during
bility of roles for filamin in signal transduction [Marti et mammalian muscle development. First, the identity of
al., 1997], in the organization of plasmalemmal receptfitamin as the antigen for this hybridoma (RR90) was
molecules [Meyer et al., 1997; Ohta et al., 1991; Sharmarified by purifying the immunoreacitve protein from

et al.,, 1995] and in the trans-Golgi network [Liu et al.pbovine M. iliacus muscle (Fig. 1). Peptide sequences
1997]. It therefore appears that filamin is a very versatilenequivocally demonstrated that the protein purified was
protein with a key function in the transmission of signalthe ABP-LA-filamin isoform, which was discovered only

DISCUSSION
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Fig. 6. Immunolocalization of filamin in mammalian striated muscldated discs §rrowheadsin B, C). In addition, staining with RR90
Cryosections of adult rat heai{C) or adult rat M. soleusli—F) were  results in a staining of specific regions of the sarcomere that are also
stained with RR90 (A,D), or double stained with RR90 (B,E) and stained with the desmin antiserum, identifying these regions as Z-discs
polyclonal anti-desmin serum (C), or T12 anti-titin (F). In the hear{arrowsin B, Cinset). In skeletal muscle sections RR90 strongly stains
high levels of filamin were detected in blood vessealsdqw in A) and myotendinous junctions (D). Furthermore, staining with RR90 results
intercalated discsafrowheadsin A). At higher magnification, filamin in a cross-striated staining pattern (E). The same sarcomeric region is
appears to be codistributed with desmin on both sides of the interctained by anti-Z-disc titin (F). Ba 25 um; inset, 5 pm.

recently [Xie et al., 1998]. Immunoblots using proteolytiZ-disc [Bechtel, 1979; Koteliansky et al., 1981], identify-
cally cleaved protein revealed the epitope of RR90 to lieg filamin as a component of myofibrils. Since the latter
located in the aminoterminally 45 kDa of the 280 kDaigh resolution studies agree with the data presented in
polypeptide, i.e., in the actin binding domain and the firshis report, one can assume that some technical problem
one of the 24 repeat domains (Fig. 2). involved with cross-sections might have caused the lack
We used mAb RR90 to determine the location adf reactivity inside myofibrils in the above-mentioned
filamin in mammalian striated muscles by immunofluoresight microscope work. In addition, our immunoelectron
cence and immunoelectron microscopy. In both slow amdicroscopy data now provide increased resolution and,
fast skeletal muscle fibers, filamin was found at Z-disd¢kerefore, allow for a more precise interpretation of
(see Figs. 6 and 7). Striking also was the strong stainifiamin localization in myofibrils. Antibody decoration
of myotendinous junctions (Fig. 6). In cardiac muscle, waccurred~50 nm from the Z-disc center at the edge of the
also found Z-disc decoration and noted, in addition, ve&rdisc comb. Interestingly, this region corresponds to the
prominent labeling of intercalated discs at the cytoplaend of thin filaments that overlap in the Z-disc and reach
mic side of the neighboring cells (Fig. 6). Previouspproximately 50 nm into the opposite sarcomere half
studies on the light microscope level have proposed[\goreaux, 1994]. These data suggest that the actin
desmin-like filamin localization surrounding the myofibinding domain of filamin has a function in cross-linking
brils at the level of Z-discs in avian muscles [Gomer artthin filaments at their ends in myofibrillar Z-discs. In
Lazarides, 1981; Koteliansky et al., 1986]. Two othemddition, the high concentration of filamin found at
studies, however, clearly showed decoration of the actumyotendinous junctions and intercalated discs implies an
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Fig. 7. Immunoelectron microscopical localization of filamin in
mammalian skeletal muscle fibers. Extracted fiber bundles of rat
psoas muscle were incubated with mAb RR90 and a 5-nm
gold-labelled second antibody. Subsequently, they were processed
for standard electron microscopy. Z-disc region of a decorated
myofibril. Note that antibody label is concentrated at the borders
of the Z-disc &rrowhead$. B: The same myofibrillar region of an
unlabelled control fiber.
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Fig. 8. Immunoblot analysis of filamin isoforms during myogenesis irig. 9. Northern blot analysis of the expression~efilamin/ABPL
culture. Human skeletal muscle cells were grown as described niRNA during human skeletal muscle cell differentiation. Total RNA
Materials and Methods. Samples for SDS-PAGE and subsequevds isolated from cultured human skeletal muscle cells, which were
Western blotting using mAb RR90 were taken from cells in thélifferentiated for the time indicated above the respective lane (0 h,
proliferative stage léne 1) and at different time points after the undifferentiated proliferating myoblas® h to 6 dtime after initiation
induction of differentiation: 8 hléne 2), 16 h (ane 3), 24 h (ane 4), 2  of differentiation). RNAs were separated by agarose gel electrophore-
days (ane 95, and 4 daysléne 6. M = molecular mass markers sis, transferred to a nylon membrane, and hybridized with a probe
(numbers indicate Mx 103). Note that in undifferentiated myoblasts, specific for ABP-L#-filamin (see Materials and Methods). Tagow-
RR90 recognizes only one filamin band, while alne&®h after the headindicates reactivity with a single band migrating-a® kb, i.e., in
induction of differentiation a second band of slightly higher mobilitythe expected size range. Note that reactivity with the probe is restricted
appears. This polypeptide is expressed throughout myotube develtp-differentiating myoblasts and that up-regulation of this mRNA
ment. accompanies the earliest stages of myofibril differentiation.
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Fig. 10. Immunofluorescence localization of filamin in cultured humadifferentiating cells is compared with the localization of sarcomeric
skeletal muscle cell$A,B: Proliferating myoblasts stained with mAb «-actinin (D, F, H). C,D: Colocalization of both proteins in stress-fiber
RR90 ora-actinin (BM 75.2), respectively. Note that filamin colocal-associated dotsa(rowhead$ in an early myotube 2 days after the
izes witha-actinin in dots that are associated with stress-fibemga{l induction of differentiation. E,F: First alignment of these dots into
arrowhead$. Furthermore, a colocalization of both proteins is obnascent Z-discsafrows) is depicted. G,H: Colocalization of filamin
served in extended focal contactsrows) and in the leading edge of and sarcomeriax-actinin in further developed Z-discarfows) in

the cells [arge arrowheads C—H: Localization of filamin (C, E, G) in myotubes after 4 days of differentiation.
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important role in the organization of thin filaments at sitesnd C-protein [MyBP-C; Weber et al., 1993, Yasuda et
that have to resist greater mechanical strain. Thus, filanah, 1995; Gautel et al., 1998].
in muscle seems to be intimately involved in actin Our Western and Northern blotting as well as the
filament organization both in myofibrils and at certailmmunofluorescence results rather imply a role for fila-
sites of membrane anchorage. min already at the earliest stages of myofibril assembly.
Since the epitope of mMAB RR90 is located at ofhe muscle-specific isoform of ABP-ffilamin clearly
close to the aminoterminus of the filamin polypeptide, ous expressed as one of the first structural proteins of the
interpretations are limited to one end of this extended andyofibril. Its localization is intimately linked to Z-discs,
rod-shaped molecule. The lack of antibodies reactiraready from the appearance of Z-patches and Z-bodies
with more carboxyterminal epitopes of ABRl-filamin along SFLS [Sanger et al., 1984; Rhee et al., 1994] and it
presently precludes a complete molecular layout to Ipersisted throughout all developmental stages. We specu-
drawn. The prime candidate is, of course, th&0 amino late, therefore, that filamin— together widhactinin— is
acids insertion in domain 20 specific for the ABRL/ involved in the organization of thin filaments in myofi-
filamin isoform [Xie et al., 1998]. Unfortunately, thisbrils. For a-actinin, a direct interaction with titin was
region seems to be only weakly immunogenic leaving odemonstrated [Ohtsuka et al., 1997; Sorimachi et al.,
attempts to raise a polyclonal antibody specific for this997; Young et al., 1999] and it is most likely this
insertion unsuccesful (our unpublished observation). interaction that is the prime cause for its specific Z-disc
Further antibodies will also be needed to discrimiocalization. For filamin in muscle, the targeting mecha-
nate between the three filamin isoforms. Both our Westism and the according binding partner have not yet been
ern and Northern blots clearly showed that upon induientified. Differentially expressed molecular regions are
tion of muscle differentiation a second filamin isoform irthe best candidates to search for such interactions.
addition to the ubiquitously expressed ABP-280 is up-
regulated in our cell cultures (Figs. 8 and 9). Since the
Northern blot was reacted with a probe derived from ACKNOWLEDGMENTS
~240 bp cDNA fragment encoding the above-mentioned
ABP-L/~-filamin isoform specific insertion [Xie et al.,
1998], it is highly probable that the second band iden
fied in Western blots corresponds to this isoform. Sin
ABP280 could never be detected in mammalian skele
muscle, the persistence of immunoreactivity with AB
280 most likely arises from cells that did not fuse into
myotubes. Similarly, the immunoreactivity with ABP-
280 in extracts from striated muscle tissue can BT ERENCES
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